1 2 Wing shape and environmental energy are associated with molecular 3 evolutionary rates in a large avian radiation 4
Introduction
mean temperature from WorldClim data (Fick & Hijmans 2017) at 30 arc-sec resolution, and for 1 3 4 the annual mean UV-B from gIUV (Beckmann et al. 2014) with 15 arc-min resolution. Since 1 3 5 current geographic distributions can differ greatly from the distributions in the past, 1 3 6 contemporary measurements of environmental variables can introduce noise to subsequent 1 3 7 phylogenetic regression analyses. This noise is likely to increase the Type II error rate but it is 1 3 8 unlikely to cause a bias that increases Type I error rate, so the analyses of these type of data are 1 3 9 in fact conservative (Davies et al. 2004 ). Relative rates of substitution across branches were estimated using Bayesian inference 1 5 0 implemented in BEAST v2.4 (Bouckaert et al. 2014) . We used a GTR+Γ substitution model 1 5 1 (Tavaré 1986) and the uncorrelated log-normal relaxed clock model of substitution rates across 1 5 2 branches (Drummond et al. 2006) . We tested for potentially biased inferences from the product of reaching local optima. The median relative rate estimates of terminal branches across 1 6 9 samples from the posterior distribution of each were used as rate estimates across species. We used phylogenetic generalized least squares (PGLS) regression models to examine 1 7 3 the contribution of wing shape (a proxy for metabolic rate) and variables describing 1 7 4 environmental energy to molecular evolutionary rates. Hypotheses were tested independently 1 7 5 using nuclear and mitochondrial data, and using CP12 and CP3 rates as response variables. Estimates of CP3 rates largely represent molecular changes that do not influence the amino acid 1 7 7 being coded (69%, 113/163), so they primarily represent the mutation rate (Kimura 1968). Meanwhile, CP12 rates mostly represent amino-acid substitutions (98%, 318/326), and are thus 1 7 9 susceptible to the mutation rate and the interaction between selection and population size (Ohta 1 8 0 1992). Because rates at CP12 and CP3 are in part driven by different processes, the relationship 1 8 2 between the two provides additional information. The ratio between the two rates provides an 1 8 3 indication of rate of fixation relative to the rate of mutation, effectively cancelling out the 1 8 4 mutation rate and leaving the signal of the interaction between selection and population size 1 8 5 (Ohta 1992) . For this reason, we also included models where the response variable was the ratio 1 8 6 between CP12 and CP3 rates. A high ratio can be a signature of historically small or fluctuating We tested a single regression model for each variable of molecular evolution as response. The explanatory variables in the model included the hand-wing index, environmental 1 9 2 temperature, and UV radiation. We also included body mass as an explanatory variable due to its 1 9 3 possible confounding effect of the association between the hand-wing index and molecular 1 9 4 evolution. In each model we also included two interaction terms that represented the possible 1 9 5 interactions among physiological surrogates and those among environmental variables. The 1 9 6 interaction terms therefore included that between body mass and hand-wing index, and the 1 9 7 interaction between the environmental energy and UV index. To correct for non-independence due to relatedness between taxa, we used a species-level 1 9 9 phylogenetic estimate extracted from the original phylogenetic study (Derryberry et al. 2011 ).
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We performed a transformation to many of the variables to adhere to least squares model 2 0 1 assumptions ( Supplementary Table S1 ). In PGLS, variables are assumed to have evolved along 2 0 2 the phylogeny under a specified model of trait evolution. We used the lambda model of trait with three other common models (Brownian motion, kappa, and an Ornstein-Uhlenbeck process, 2 0 5 results not shown). The parameters of PGLS regression models were optimized using the phylolm R package interactions were significant, the models were executed without these interactions. If this model 2 0 9 reduction did not significantly affect model fit according to a likelihood ratio test, then we also 2 1 0 interpreted the parameter estimates from the reduced model. We found that the hand-wing index and variables of environmental energy are positively 2 1 4 associated with molecular evolutionary rates, but not with the proxies of molecular evolution that 2 1 5 are most closely associated with mutation rates (CP3 which largely do not change amino-acids). The overall molecular rates across all data are positively associated with hand-wing index (P < 2 1 7 0.001), environmental temperature (0.015), and UV radiation (P < 0.001; Table 1 ). Neither of the 2 1 8 two regression interaction terms were found to significantly explain overall molecular rates. The evolutionary rate at the regions in the mitochondrial data that mostly change amino 2 2 0 acids (CP12) are associated with a negative interaction between body mass and hand-wing index 2 2 1 (P < 0.001), which means that hand-wing index has a positive association with these molecular 2 2 2 rates primarily in small-bodied species (Table S1; Figure 1 ). Similarly, we found that the with the hand-wing index (P = 0.038). The proxies of molecular evolutionary rate that are 2 2 5 primarily impacted by selection and population size (CP12 / CP3), to the exclusion of the mutation rate, were explained by UV radiation in both mitochondrial (P < 0.001) and nuclear 2 2 7 data (P = 0.043). In mitochondrial data this variable was also explained by the hand-wing index 2 2 8 (P < 0.001) and environmental temperature (P = 0.026). Strikingly, none of the regression terms 2 2 9 explored explained our closest proxy to the mutation rate (CP3) in either mitochondrial or 2 3 0 nuclear data (Table S1 ). Our study demonstrates that the wing morphology, environmental temperature, and UV 2 4 8 radiation are positively associated with molecular evolutionary rates across the Neotropical avian 1 1 species that regulate their internal energy levels and whose gametes do not undergo direct 2 7 6 exposure to environmental factors, such as most endotherms (but see Gillman et al. 2009 ). This 2 7 7
contrasts with the impact that temperature can have on the mutation rates in organisms that are 2 7 8 more exposed to environmental conditions, such as many marine taxa ( Substitution rates at sites that undergo selection are also influenced by population size, relationship between population size and the substitution rate takes drastically different shapes 2 9 7 depending on whether a genomic region is undergoing positive or negative selection. In cases of 2 9 8 genomic regions that are largely undergoing negative selection, as is common in protein-coding 2 9 9
loci, greater population sizes will increase the efficiency of selection and lead to a lower 3 0 0 substitution rate, even under a constant selection coefficient. This means that our data cannot unlikely. Instead, it is likely that the impact of these variables on the genome occurs entirely via 3 0 9 patterns of selection.
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Our results contribute to a body of work that suggests that the demands of flight and 3 1 1 environmental energy are not necessarily associated with basal mutation rates, but that instead the environment on avian whole-genome evolution. Lynx Edicions, Barcelona. Pattern, process, scale, and synthesis. Annu. Rev. Ecol. Evol. Syst., 34, . 
